Time-resolved spectroscopic studies in our laboratory of bovine heart cytochrome c oxidase dynamics are summarized. Intramolecular electron transfer was investigated upon photolysis of CO from the mixed-valence enzyme, by pulse radiolysis, and upon light-induced electron injection into the cytochrome c/cytochrome oxidase complex from a novel photoactivatable dye. The reduction of dioxygen to water was monitored by a gated multichannel analyzer using the CO flow-flash method or a synthetic caged dioxygen carrier. The pH dependence of the intermediate spectra suggests a mechanism of dioxygen reduction more complex than the conventional unidirectional sequential scheme. A branched model is proposed, in which one branch produces the P form and the other branch the F form. The rate of exchange between the two branches is pH-dependent. A cross-linked histidine -phenol was synthesized and characterized to explore the role of the cross-linked His -Tyr cofactor in the function of the enzyme. Time-resolved optical absorption spectra, EPR and FTIR spectra of the compound generated after UV photolysis indicated the presence of a radical residing primarily on the phenoxyl ring. The relevance of these results to cytochrome oxidase function is discussed. D
Introduction
The mechanism of electron and proton transfer in hemecopper oxidases continues to be a major challenge in the field of bioenergetics. The reduction of dioxygen to water has generally been studied by the flow-flash technique developed by Gibson and Greenwood [1, 2] , in which the reaction of the reduced enzyme with dioxygen is initiated upon photodissociation of carbon monoxide bound to heme a 3 . Transient optical absorption flow-flash measurements have provided important information regarding the kinetics of the electron transfer [3 -13] , and time-resolved resonance Raman studies [14 -24] , including pioneering experiments by Babcock and his co-workers, have revealed the structures of some of the postulated intermediates. Transient optical absorption measurements, in combination with site-directed mutagenesis studies, have also recently provided important insights into the role of the two major proton transfer pathways, D-and the K-pathways [25 -30] , postulated based on crystallographic studies [31 -33] .
Despite significant advances, several questions remain unanswered. What are the details of the mechanism of intramolecular electron transfer in cytochrome c oxidase and the cytochrome c/cytochrome c oxidase complex? Does the sequential mechanism, conventionally proposed to describe the flow-flash reaction of the fully reduced enzyme with dioxygen, adequately describe the reaction? Why has the so-called P R intermediate, proposed to be generated during the reduction of dioxygen to water, not been observed in time-resolved resonance Raman studies carried out by both Varotsis et al. [20] and Han et al. [34] ? Does the cross-linked tyrosine play a role in the function of the enzyme? Does the CO flow-flash technique represent the physiological reaction of the heme-copper oxidases under turnover conditions or is this technique potentially compromised by the fate of the photodissociated CO? This review will focus on time-resolved optical absorption studies of cytochrome c oxidase that we have conducted in the last few years as they relate to these questions.
Intramolecular electron transfer in cytochrome oxidase
One way to study intramolecular electron transfer in heme-copper oxidases is to photodissociate CO bound to the mixed-valence enzyme and follow the reverse flow of electrons from the binuclear center to the low-potential redox centers, heme a and Cu A [35, 36] . Our laboratory has followed the optical absorption changes associated with this reaction and the photolysis of CO bound to the fully reduced enzyme using multichannel detection. This detection method has allowed us to collect high-resolution spectra in the Soret [37] , visible [38, 39] and near-infrared regions [39, 40] on nanosecond to millisecond time scales. Singular value decomposition and global exponential fitting were used to analyze the time-resolved spectral changes. The data were fitted to a sequential mechanism with accompanying equilibria, and the absorption spectra of the intermediates were extracted. The spectral changes on f 5 and f 50-100 As time scale were consistent with electron transfer from heme a 3 to heme a and between heme a and Cu A , respectively. These results are in agreement with previous photolysis studies of the mixed-valence CO-bound enzyme [41 -43] . Our kinetic modeling also allowed the extraction of the spectral contribution of Cu A 2 + in the bovine heart enzyme between 480 and 550 nm for the first time [39] .
Alternatively, intramolecular electron transfer between Cu A and heme a in cytochrome oxidase has been investigated by pulse radiolysis [44, 45] . Kobayashi et al. [44] were the first to show by pulse radiolysis that Cu A is the primary acceptor of electrons from cytochrome c, followed by electron transfer to heme a. Flow-flash studies on the cytochrome c/cytochrome c oxidase complex by Hill [46] , laser-induced electron transfer experiments using photoactivatable compounds [47 -52] and recent pulse radiolysis studies by us and our collaborators [45] have confirmed these conclusions. Our results indicated an equilibrium constant of 3.4 in the direction of reduced heme a and oxidized Cu A , corresponding to a difference in reduction potential between heme a (Fe(III)/Fe(II)] and Cu A [(Cu(II)/(I)] of + 31 mV. This equilibrium constant is similar to an equilibrium constant of~2 between heme a and Cu A observed following photolysis of the mixedvalence CO complex [37] and during flow-flash studies of the fully reduced enzyme [10, 53] . From the thermodynamic and activation parameters of the electron transfer reactions, and assuming that the reorganization energy of Cu A in cytochrome oxidase is the same as that of the Cu A center in purple azurin [54] , we determined that heme a has a similar unusually small reorganization energy of 0.4 eV [45] .
Our laboratory has also recently investigated electron transfer reactions in the electrostatic cytochrome c/cytochrome c oxidase complex using a novel photoactivatable dye. Laser photolysis of thiouredopyrenetrisulfonate (TUPS), covalently linked to a single cysteine on yeast iso-1-cytochrome c, generates a triplet state of the dye which donates an electron to cytochrome c, followed by electron transfer to cytochrome c oxidase [51, 52] . The intramolecular electron transfer was monitored using single wavelength and multichannel detection. The results of the kinetic analysis of the time-resolved optical absorption data are consistent with Cu A being the initial electron acceptor from cytochrome c, followed by subsequent electron transfer between Cu A and heme a. The maximum efficiency of the reduced cytochrome c produced by a single laser pulse is significantly higher than that obtained previously with Ru-cytochrome c derivatives [48, 49] . Future experiments with TUPS include direct labeling of specific cysteines on bacterial hemecopper oxidases. By varying the distance between the labeled cysteine and the TUPS dye and by introducing breaks into presumed electron transfer pathways by site-directed mutagenesis, we expect to provide detailed information about intramolecular electron transfer pathways in hemecopper oxidases.
Flow-flash studies-sequential mechanism
The most common method used to follow the electron transfer in cytochrome c oxidase during the reduction of dioxygen to water is the CO flow-flash approach [1, 2] . The results have ordinarily been analyzed using a unidirectional sequential mechanism (for reviews, see Refs. [55 -57] ). Scheme 1 shows such a scheme and the postulated intermediates. The unidirectional sequential scheme provides a simple mathematical solution to the kinetics and allows calculations of the intermediate spectra without assumptions. The reaction sequence and the number of postulated intermediates have primarily been based on transient optical measurements carried out at selected wavelengths [3,5 -7] . Four lifetimes, f 10, 30-40, 80 -100 As and 1 -2 ms, have been reported [5] , and an additional lifetime of 1.5 As, attributed to the conversion of R* to R (Scheme 1), has been observed based on our time-resolved optical absorption measurements [9, 10] . Time-resolved resonance Raman experiments by Babcock, Rousseau and Kitagawa and coworkers have provided strong evidence for the formation of the heme a 3 -dioxygen bound intermediate (compound A) on 10 As time scale [14 -16] ) on late microsecond time scale [17 -19] . The oxoferryl is converted to the oxidized enzyme on a millisecond time scale. However, the P intermediate (P R ), postulated to be generated on the 30-40 As time scale based on transient optical absorption measurements [7, 8, 58] , was not observed during the reduction of dioxygen to water by time-resolved resonance Raman [20, 34] . There-fore, there appears to be an unresolved discrepancy between the time-resolved resonance Raman and optical absorption measurements.
The sequential intermediate spectra-P M versus ''P R ''
Our laboratory has used multichannel detection to investigate the reduction of dioxygen to water in the Soret region [10 -12] and the visible region [9, 11, 12, 59 ] on nanosecond to millisecond time scales. Fig. 1 shows typical time-resolved absorption difference spectra (postminus pre-photolysis) in both spectral regions at pH 7.5. We have also monitored the reaction at nine selected wavelengths in the near-infrared region [53] . Singular value decomposition and global exponential fitting were used to analyze the time-resolved spectra. Five apparent lifetimes were observed at the three pH values studied: 1.5, 13, f 35, 80 -240 As and 1.1 -2.4 ms, with the two slowest rates decreasing by a factor of 2 -3 upon increase Fig. 1 . The time-resolved optical absorption spectra (post-minus pre-photolysis) collected during the reaction of the fully reduced cytochrome oxidase with dioxygen at pH 7.5. The spectra were obtained at 44 and 42 delay times, equally spaced on a logarithmic time scale, between 50 ns and f 10 ms after photolysis of the fully reduced CO complex. Scheme 1. Conventional sequential reaction mechanism for the reduction of dioxygen to water by cytochrome c oxidase [12] . The ''P R '' intermediate has not been observed in time-resolved resonance Raman experiments.
in pH from pH 6.2 to 8.5 [12, 59] , in agreement with previous studies [60, 61] .
Our initial approach toward understanding the mechanism of the reduction of dioxygen to water was to fit the data to the conventional unidirectional sequential scheme (Scheme 1). The testing of the mechanism involves extracting the intermediate spectra and comparing them to model spectra. The latter are linear combinations of spectra of various derivatives of the enzymes, including that of the oxidized, reduced, mixed-valence and fully reduced CObound enzyme derivatives, the spectra of P and F [62] , and the oxidized spectrum of Cu A [63] .
The early steps in the reaction of the fully reduced enzyme with dioxygen are believed to be analogous to the ones for the mixed-valence enzyme, and it was expected that the two reactions would generate comparable intermediate spectra. Our flow-flash studies on the mixed-valence enzyme [11] produced the four expected intermediates, R*, R, A and the P form (P M ). However, a comparison of the P M intermediate and the so-called P R intermediate showed unexpected spectral disagreement discussed below.
The first intermediate in the reaction of fully reduced enzyme with dioxygen, R*, (Scheme 1) represents CO bound to Cu B following CO photolysis from heme a 3 [64, 65] . The 1.5 As process, which is also observed following photolysis of CO from the fully reduced and mixedvalence enzyme in the absence of O 2 [37, 39, 66] , is attributed to a conformational change at heme a 3 [66, 67] . The spectral change associated with this process occurs on the same time scale as the CO dissociation from Cu B [64] . The extracted spectra of the reduced enzyme (intermediate 2) and oxidized enzyme (intermediate 6) are in good agreement with the model spectra [9, 10] . While a model spectrum of compound A is not available, the extracted spectrum of compound A agrees well with spectra of compound A observed at low temperature [68 -70] . Moreover, the extracted spectrum of compound A for the fully reduced enzyme (A R ) is identical to that extracted for the analogous intermediate formed during the reaction of the mixedvalence enzyme with dioxygen (A M ) [11] . Fig. 2 ( ---) shows the extracted spectrum of intermediate 4 (Scheme 1), the so-called P R , in the Soret and visible regions at pH 7.5. The spectrum is referenced against the oxidized enzyme and compared to the spectrum of P M (-), the P intermediate formed at the binuclear center during the reaction of the mixed-valence enzyme with dioxygen. The binuclear center is the same in P M and intermediate 4 (P R ), Fe a3
UOH À , and heme a is oxidized in both. However, in P M the fourth electron required to break the dioxygen bond has been proposed to arise from the cross-linked tyrosine, while heme a is the proposed electron donor in P R [24] . It is clear that there are significant discrepancies between intermediate 4 and P M in both regions (Fig. 2, [11,12] ). While modeling the spectrum of intermediate 4 with a f 1:1 mixture of P and F, with heme a reduced in P and oxidized in F, resulted in good agreement in the Soret region, differences in bandwidth between intermediate 4 and the P/F mixture were still observed in the visible region [10] . Proshlyakov et al. [24] have reported a resonance Raman vibration due to P M at 804/768 cm -1 ( 16 O 2 / 18 O 2 ), but failed to observe this frequency during the reduction of dioxygen to water by the fully reduced enzyme [20] . This frequency is identical to that observed for the 607 nm form generated upon addition of hydrogen peroxide to the oxidized enzyme under alkaline conditions (P H ) [22 -24,71] . We have also recently shown Fig. 2 . The difference spectra of P M (-) and intermediate 4 of the sequential scheme (P R ) (---) [11] . Both spectra are referenced against the spectrum of the oxidized enzyme. The spectra of P M and P R were extracted from the transient data on the reaction of the mixed-valence and fully reduced enzyme with dioxygen, respectively, using a sequential unidirectional mechanism. The oxidized spectrum of Cu A was added to the spectrum of P R in order to match the redox state of Cu A in P M . The spectra were extracted from the time-resolved optical absorption visible data using a unidirectional sequential mechanism (Scheme 1). A linear combination of the spectrum of compound A and the bench-made spectra of P and F were used to model the data ( ---). The model spectrum of P R contains 45% A + 5% P + 50% F at pH 6.2, 33% A + 34% P + 33% F at pH 7.5, and 30% A + 40% P + 30% F at pH 8.5 [12] . that P M , P H and the P form generated upon exposing the oxidized enzyme to a mixture of CO and O 2 (P CO/O 2 ) all have identical absorption spectra [11] .
The pH dependence of the catalytic intermediates
Recent time-resolved optical absorption measurements in our laboratory have shown that the spectrum of the sequential intermediate 4, the so-called P R , changes as a function of pH [12] . This is demonstrated in Fig. 3a , which shows the difference between the spectrum of intermediate 4 at pH 6.2 and 8.5. The spectrum of intermediate 4 (P R ), was found to be best represented by a pH-dependent mixture of the spectrum of compound A and the bench-made spectra of P (or P M ) and F (Fig. 3b-d, [12] ). While the contributions of A, P and F are approximately equal at pH 8.5, the contribution of P is only 5% at pH 6.2. The pH dependence of the P-to-F ratio is in line with previous steady-state measurements, which have shown that the addition of H 2 O 2 favors the formation of P at high pH and F at low pH [62,72 -77] . Furthermore, the bench-made P form has been shown to convert to the F form upon uptake of a proton with a pH-dependent rate [76] .
Intermediate 5, which represents the F form and the equilibrium between heme a and Cu A , is also pH-dependent [12] . It should be noted that F I and F II both represent the F form with respect to the binuclear site, while the redox states of heme a and Cu A differ. In the unidirectional sequential scheme the two states, F I and F II , are not resolved, and the equilibrium is shifted toward oxidized Cu A and reduced heme a (F II in Scheme 1) at lower pH (Fig. 4) . This is consistent with previous studies of Brzezinski et al., which have indicated that the electron transfer is controlled by proton transfer [26, 78, 79] .
Branched mechanism
The significant difference between intermediate 4 (P R ) and P M (Fig. 2, [11] ) and the pH-dependent spectral composition of intermediate 4, which includes compound A, P and F (Fig. 3, [12] ), cast doubt on the conventional unidirectional sequential mechanism. In order to account for these observations we have recently analyzed the reaction of the fully reduced cytochrome oxidase with dioxygen using a model consisting of branched pathways, with one branch producing the 607 nm P form and the other the 580 nm F form (Scheme 2) [13] . The P form in the branched scheme has the same structure as the so-called P R form, but has the spectrum of P M . The A P (P-branch) and A F (F-branch) intermediates are isospectral, but kinetically not equivalent. They decay with lifetimes of 20 -40 and 80 -100 As, but which branch is slower cannot be determined at this point [13] . The majority of the molecules (60 -85% depending on pH) go through the slow branch [13] . The two pathways are interconnected, with the rate of exchange being pH-dependent [13] . The branched scheme is mathematically underdetermined and testing the scheme involves a novel algebraic approach, which transforms the intermediates of the branched scheme into intermediates comparable to those derived on the basis of a sequential model. The approach is described in detail in our recently published paper [13] .
The branched model reproduces the experimental data well. Fig. 5 shows reproduced data at pH 6.2 using the branched scheme and the listed microscopic lifetimes assuming that 75% of the molecules go through the slow branch. Fig. 6(a and b) shows the spectra of intermediates 4 (P R ) and 5 extracted from the experimental flow-flash data at pH 6.2 on the basis of a unidirectional sequential scheme (-) and the derived equivalent intermediate spectra generated based on the branched scheme ( ---). It is clear (Fig.  5 ) that the branched model reproduces the sequential spectrum of intermediate 4 much better than the model P M spectrum (Fig. 2) using only known and spectrally welldefined forms as intermediates. The branched model also resolves the discrepancy between the time-resolved resonance Raman and optical absorption measurements regarding P. The time-profiles based on the branched scheme indicate that very little P is present, particularly at pH 6.2 (Fig. 6c) , which explains why Babcock's and Rousseau's groups have been unable to detect the resonance Raman frequency attributed to this form. If the enzyme followed a sequential mechanism, significant amounts of P would be expected and the resonance Raman frequency should be easily detected (Fig. 6d) .
The microscopic rate for the P-to-F transition in Scheme 2 is highly pH-dependent, increasing sharply at low pH [13] . Fabian and Palmer [76] have recently shown that P under non-catalytic conditions is converted to F upon proton uptake. The branched model (Scheme 2) kinetically separates the F I and F II forms, which are unresolved in the conventional sequential model (Scheme 1). The microscopic rate constants for the reversible electron transfer step reproduce the 50 As apparent electron transfer rate between heme a and Cu A reported previously upon photolysis of the two-and three-electron-reduced CO-bound enzyme [39,41 -43] .
The two branches may arise from different ligand conformers or different conformations of protonated amino acid(s) in response to ligand state change. Multiple ligand conformers have been observed in the FTIR spectra of CObound heme-copper oxidases [80 -84] , and the binding of CO to Cu B following CO photolysis has been found to be associated with a change in the environment around glutamic acid 286 (E286, Rhodobacter sphaeroides numbering) [85 -88] . This change has been interpreted in terms of hydrogen-bonded connectivity between E286 and Cu B [85] and a conformational isomerization of the side chain of E286 [89 -91] . Thus the two different pathways in the branched model may represent E286 in different conformations [85,89 -91] , with different abilities to participate in protonation or deprotonation events at the binuclear center.
Proton-transfer reactions on the surface of bovine heart cytochrome c oxidase
We recently investigated the proton-transfer reactions on the surface of bovine heart cytochrome c oxidase in collab- Fig. 5 . The reproduced data at pH 6.2 using the listed microscopic lifetimes. The residuals represent the difference between the experimental data and the reproduced data generated using the branched scheme. The reproduced data correspond to 75% of the molecules going through the P-branch. oration with Professor Gutman's laboratory at Tel Aviv University [92] . The approach involved a laser-induced proton-pulse technique in which the protonation state of pyranine in the bulk phase and that of a fluorescein indicator specifically attached to the native Cys(III-115) residue of subunit III of cytochrome oxidase were monitored simultaneously. The kinetic data were analyzed by numerical integration of coupled nonlinear differential rate equations, which provided the rate constants of protonation of all the reacting groups, their pK values and the rates of proton exchange among them. The kinetic analysis showed that the carboxylates on the surface of the protein act as a protoncollecting antenna, which is able to rapidly transfer protons to nearby histidine moieties on the surface. These results are in agreement with previous proton-pulse results on the R. sphaeroides cytochrome c oxidase [93] . These properties may enable cytochrome oxidase to carry out its redox-linked proton translocation. Molecular modeling of the fluoresceinbinding site allowed the calculation of the possible orientations of the fluorescein molecule [92] . Three functional groups were found to shuttle protons between the bulk and the dye, and the structure of the most stable configuration of the fluorescein was found to be consistent with the conclusions of the kinetic analysis. Therefore, the kinetic measurements provide a basis for determining local protein conformations, which may be relevant to the function of the enzyme.
What is the role of the cross-linked tyrosine in the reaction mechanism?
The discovery of a tyrosine-histidine cross-link at the active site of cytochrome oxidase prompted Proshlyakov et al. [24] to propose a mechanism in which tyrosine functions as an electron and proton donor to the dioxygen bound at heme a 3 , thus facilitating the breaking of the dioxygen bond. Babcock also pointed out potential parallels between the OUO bond cleavage by cytochrome oxidase and the OUO formation during O 2 evolution in photosynthesis, both possibly involving a tyrosyl radical [24] . The P M intermediate in the mixed-valence cytochrome oxidase was proposed to be Fe a3 4+ MO 2 À Cu B 2+ UOH À with a tyrosyl radical. However, the expected EPR signals from the tyrosyl radical and the oxidized copper have not been observed in the P M form of the enzyme. Babcock attributed this to a possible spin coupling between the two radicals mediated by the cross-linked histidine [24] . Babcock et al., as well as other groups [94 -96] , have provided support for the existence of the tyrosyl radical, but direct evidence has been lacking.
If the cross-linked tyrosine plays a role in the breaking of the OUO bond by facilitating proton transfer, one might expect the redox properties and the pK a of the tyrosine to be changed as a result of the cross-link. McCauley et al. [97] have indeed shown that the oxidation potential of a crosslinked 2-imidazol-1-yl-4-methylphenol is increased by f 66 mV compared to p-cresol. The acid dissociation constant of the phenol in the cross-linked compound also decreased by more than 1.5 orders of magnitude compared to p-cresol. This observation supports the proposal that the cross-link facilitates proton delivery to the active site during dioxygen reduction.
Another question concerns the possible spin coupling between Cu B 2 + and the tyrosyl radical and whether the proposed radical resides on tyrosine or the histidine. Our laboratory and collaborators have recently synthesized and characterized a histidine-phenol cross-linked compound, a chemical analogue of the active site of cytochrome c oxidase [98] . In agreement with the results of McCauley et al. [97] , the pK a of the cross-linked tyrosine was found to be lowered (8.34) compared to that of tyrosine (10.1) and pcresol (10.2). Room-temperature time-resolved optical absorption spectra and low-temperature FTIR and EPR spectra recorded following exposure of the complex to UV-light confirmed the presence of a radical residing primarily on the phenoxyl ring, with a small delocalization of spin density onto the imidazole. Efforts to synthesize a His -phenol cross-link incorporated into a Cu-containing ligand system are underway. The detection (or lack of detection) of a UVgenerated tyrosyl radical in this ligand system by timeresolved optical absorption, EPR and FTIR spectroscopies should provide important insight into the functional role of the cross-linked histidine -tyrosine cofactor in cytochrome oxidase.
9. The reduction of dioxygen to water studied by photolysis of caged dioxygen carriers While the flow -flow flash technique has provided an excellent means to study the reduction of dioxygen to water by cytochrome oxidase, in some instances this technique may not represent the physiological reaction under turnover conditions. Time-resolved infrared experiments have shown that CO binds to Cu B + both after photolysis of CO from heme a 3 [64, 65] and on its route into the enzyme [66, 67] . It has been proposed that oxygen likewise binds to Cu B + prior to binding to heme a 3 [7, 99, 100] . While CO dissociates from Cu B + on a 1.5 As time scale in the bovine enzyme [64] , in cytochrome bo 3 from E. coli, the rate constant has been reported to be much slower or f 500 s À 1 [101] , thus imposing severe limitations on the CO flow-flash kinetic studies.
An alternative to the CO flow-flash method involves the production of dioxygen in situ by photodissociating synthetic caged dioxygen carriers. Our laboratory has synthesized a (A-peroxo)(A-hydroxo)bis[bis(bipyridyl)cobalt(III)] complex, which is stable under anaerobic conditions at pH 7, and releases dioxygen on nanosecond time scales upon irradiation with 355 nm light with a quantum yield of 0.04 [102] . We have shown that oxyhemoglobin is formed from deoxyhemoglobin upon photodissociation of this complex [102] and have recently used this complex to investigate the reduction of dioxygen to water by cytochrome c oxidase [103] . The reaction between the reduced enzyme and the photoproduced oxygen was monitored in the visible region using single wavelength detection and a gated diode array spectrometer. Fig. 7 shows the absorbance changes at 604 nm following photolysis of the [(A-O 2 )(A-OH)(Co (bpy) 2 ) 2 )] 3 + complex alone, the reduced unliganded enzyme alone, and the reduced enzyme in the presence of the complex [103] . It is clear that the photolysis does not induce photochemistry in the enzyme, and after the initial photolysis, the cobalt complex and its photoproduct do not undergo further spectral changes at 604 nm (Fig. 7) . Although we were not able to resolve all the apparent lifetimes observed in the CO flow-flash experiment, our results indicated that f 90 AM oxygen could be generated upon a single laser pulse at 355 nm [103] . It seems likely that the O 2 quantum yield could be improved by using a wavelength closer to 300 nm, for example 308 nm illumination from an eximer laser. Ludovici et al. [104] recently investigated the photooxidation reaction of cytochrome bo 3 by FTIR after the photochemical release of dioxygen from the nitrate salt of the (A-peroxo)(A-hydroxo)bis[bis(bipyridyl)cobalt (III)] complex, and reported a significantly higher quantum yield at 308 nm.
The generation of dioxygen by photolysis of the [(A-O 2 )(A-OH)(Co(bpy) 2 ) 2 )] 3+ complex circumvents the rate limitation imposed by stopped-flow methods. It also has the potential to provide valuable information regarding the mechanisms of other enzymes in which dioxygen is a substrate.
Conclusions and future directions
Considerable progress has been made toward establishing the kinetic mechanism of the reduction of dioxygen to water by cytochrome c oxidase, and a lot of the credit for this progress goes to Jerry Babcock and his coworkers. As suggested by Proshlyakov et al. [24] , the formation of the P intermediate in the mixed-valence enzyme (P M ) is likely to involve a transient formation of an oxoferryl form and a tyrosyl radical. However, this intermediate may not be observed during the reduction of dioxygen to water by the fully reduced enzyme due to rapid electron transfer from heme a to the tyrosine radical to form tyrosinate. Our timeresolved optical absorption spectra, EPR and FTIR spectra, recorded after UV photolysis of a cross-linked His -phenol chemical analog of the active site of cytochrome c oxidase, indicate the presence of a radical that resides primarily on the tyrosine. Future spectroscopic studies on the Hisphenol cross-link incorporated into a Cu-containing ligand system are expected to give information regarding the structural and functional role of the cross -linked His-Tyr cofactor in heme-copper oxidases.
Our flow-flash studies suggest that the mechanism of the dioxygen reduction by cytochrome c oxidase is more complex than the conventional unidirectional sequential pathway [13] . The pH-dependent spectral composition of intermediate 4, including compound A, P and F, is consistent with a branched model, in which P is formed in one branch and F in the other, with a pH-dependent exchange between the two. Further support for the branched scheme comes from preliminary results on the effect of Zn 2 + on the reduction of dioxygen to water, which cannot be explained in terms of the conventional unidirectional sequential mechanism.
How important is it to know the detailed mechanism in order to understand the function of the enzyme, and does it matter whether the mechanism is sequential or branched? A kinetic mechanism is in fact essential if we are to fully understand the sequence of events on a molecular level. Every time-dependent observation, including transient absorbance, time-resolved resonance Raman, time-resolved IR or step-can FTIR, requires a kinetic scheme in order to assign the spectral changes to a particular molecular event or an intermediate form. It should be emphasized that the results of the global exponential fit, namely the apparent rates and the corresponding spectral changes or the so-called kinetic spectra (b-spectra), do not provide a complete kinetic analysis, but instead are mathematical abstractions that do not have a physical meaning. The effect of pH and temperature on the apparent rates and b-spectra also cannot be correlated to specific molecular events. Only the microscopic rates and intermediate spectra, which are obtained from the apparent values via a kinetic scheme, can be assigned to actual physical events and intermediates that occur during enzyme function. The sequential model, which has been generally accepted because of its simplicity, assigns each apparent rate to a microscopic rate constant that reflects a 3 + complex alone, the reduced enzyme alone and the mixture of the enzyme and the complex [103] . single molecular event, while in the branched model an apparent rate can be a combination of two or more microscopic rates. The same applies to the spectral changes. Thus, interpretation of the same experimental results may lead to very different conclusions depending on the model. Unfortunately, there is no model-independent kinetic analysis and the only way a particular model can be considered to be better than a previous model is if it provides molecular interpretations that are more consistent with available experimental results. Further spectroscopic studies are expected to give more insight into the details of the branched model, and our novel algebraic procedure used to test the branched scheme can now be extended to other biological systems that have more complex mechanisms than a sequential unidirectional scheme.
